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Gene expression in luteiniring hormone-releasing hormone (LHRH) neurons was analyzed during the periovulatory period to (1) characterize temporal patterns of LHRH gene expression and their relationship(s) to gonadotropin surges, and (2) determine if any such changes are uniform or dissimilar at different rostrocaudal levels of the basal forebrain. The number of neurons expressing mRNA for the decapeptide, and the relative degree of expression per cell were analyzed using in situ hybridization and quantitative image analysis. Rats were killed at 1800 hr on metestrus (Met), 0800 hr, 1200 hr, 1800 hr, and 2200 hr on proestrus (Pro), or 0200 hr, 0800 hr, and 1800 hr on estrus (E; n = 5-8 rats/ group). All sections were processed for LHRH mRNA in a single in situ hybridization assay. Sections were atlas matched and divided into four rostrocaudal groups for analysis: vertical limb of the diagonal band of Broca (DBB), rostra1 preoptic area/organum vasculosum of the lamina terminalis (rPOA/OVLT), medial preoptic area (mPOA), and suprachiasmatic/anterior hypothalamic area (SCN/AHA). Plasma LH and FSH levels from all animals were analyzed by RIA. The labeling intensity per cell was similar among all time points at all four rostrocaudal levels. The number of cells expressing LHRH mRNA, however, varied as a function of time of death during the estrous cycle, and this temporal pattern varied among the four anatomical regions. At the level of the mPOA, the number of cells was highest at 1200 hr on Pro, and then declined and remained low throughout the morning of E. At the level of the rPOA/OVLT, the greatest number of LHRH neurons was noted later in Pro, at 1800 hr, dropping rapidly to lowest numbers at 2200 hr. No significant changes in LHRH cell number occurred at the DBB or SCN/AHA levels. At all anatomical levels, the secondary surge of FSH was unaccompanied by any change in the number of neurons expressing LHRH mRNA. These data demonstrate that (1) the number of detectable LHRH mRNA-expressing cells fluctuates during the periovulatory period and (2) peak numbers of LHRH-expressing cells are attained in the mPOA before the onset of the LH surge and before peak LHRH cell numbers are seen at more rostra1 levels. The preovulatory surges of LH and FSH are initiated by an abrupt increase in the neurosecretion of luteinizing hormonereleasing hormone (LHRH) (Sarkar et al., 1976; Levine and Ramirez, 1982) an event that has been clearly linked to activation of LHRH neurons in the preoptic area (Lee et al., , 1992 . It remains unclear, however, what functional relationship may exist between LHRH secretion and LHRH biosynthesis during this same period. Gene expression may be augmented in anticipation of the surge, coactivated along with the release process, or increased subsequent to LHRH release. Such changes in LHRH gene expression could serve to provide an augmented releasable pool of the decapeptide for production of the LHRH surge, or to replenish LHRH stores following the LHRH release episode. Periovulatory LHRH gene expression, moreover, may be altered in at least two different ways: the rate of LHRH gene expression may be changed similarly within an entire group of LHRH neurons, or LHRH gene expression may be induced during the preovulatory period in subpopulations of neurons which, at other times, express the gene at very low levels. Immunocytochemical studies (Hiatt et al., 1992) have, in fact, revealed that subpopulations of LHRH neurons exist in which production of the decapeptide may be differentially induced during proestrus, a finding that is also suggested by the observation that the overall number of LHRH-expressing cells is increased as the LH surge reaches its apex (Park et al., 1990) . To date, however, complete temporal patterns of periovulatory LHRH gene expression have not been analyzed and compared among different regions of the brain in the same study.
The present study closely examines and compares periovulatory patterns of LHRH gene expression in four separate regions of the basal forebrain, so as to determine their respective temporal relationships with gonadotropin surges. Our primary aim was to determine for the first time if the number of LHRH mRNA-expressing neurons and/or the rate of LHRH gene expression are differentially altered at different rostrocaudal levels in association with the generation of the primary gonadotropin surge. Our results reveal several surprising aspects of periovulatory LHRH gene expression, the first being that it is primarily the number of neurons expressing detectable mRNA for the decapeptide, rather than a graded shift in the biosynthetic capacity of all cells, that is increased in association with the primary LH surge. Second, increased numbers of LHRH-expressing cells are evident at more rostra1 regions at a later time on proestrus than those in the medial preoptic area (mPOA). Third, and equally surprising, peak numbers of LHRH-expressing cells are evident in the mPOA prior to the initiation of the LH surge. Our results are consistent with a model proposed on the basis of immunocytochemical studies (Hiatt et al., 1992) , whereby subgroups of LHRH cells are "recruited" into a more active biosynthetic state in anticipation of the preovulatory LHRH surge.
Materials and Methods
Animals.
Forty-eight female rats (1 SO-200 gm; Charles River Laboratories, Wilmington, MA) were maintained on a 14 hr light/l0 hr dark lighting schedule (lights on at 0500) and fed ad libitum. Estrous cycles were monitored by daily inspection of vaginal cytology. After at least three complete 4 d cycles were recorded, the animals were divided into groups of six, representing different phases of the periovulatory period. The groups were as follows: proestrus (Pro) 0800 hr, Pro 1200 hr, Pro 1800 hr, Pro 2200 hr, estrus (E) 0200 hr, E 0800 hr, E 1800 hr, and metestrus (Met) 1800 hr. The groups were chosen to coincide with times when LHRH release is known to be maximal during Pro (1800 hr) and to reach a second peak during E (0200 hr), before and after LHRH release is augmented during Pro and E (0800 hr Pro, 1200 hr Pro, 0800 hr E), and, for comparison, during a morning or afternoon hour on other days of the cycle (0800 Met, 1800 hr E) when LHRH release is likely maintained at a basal rate (Sarkar et al., 1976; Levine and Ramirez, 1982) . The time points were also chosen to represent cycle stages in which the steroid milieu is distinctly different (Neguin et al., 1979) : prior to preovulatory estrogen secretion (Met 0800), during preovulatory estrogen secretion (Pro 0800, 1200) during the proestrous progesterone surge (Pro 1800,2200), and following the proestrous progesterone surge (E 0200, 0800, 1800). Animals were decapitated, and trunk blood was collected into vials containing 0.5 ml of 0.3 M EDTA and centrifuged. Plasma was stored at -20°C until LH and FSH RIA. Brains were rapidly removed, frozen on dry ice, and stored at -70°C until sectioning.
In situ hybridization procedures.
Coronal sections (20 pm) were cut with a cryostat through the basal forebrain, from the caudal extremity of the suprachiasmatic nucleus (SCN) to the rostralmost portions of the diagonal band of Broca (DBB). Every other section from the SCN through the DBB was analyzed by LHRH in situ hybridization procedures. Sections were postfixed in 4% paraformaldehyde (pH 7.4) for 5 min at +4"C, washed in cold phosphate buffer (0.1 M Na,HPO,, 0.15 M NaCl, pH 7.4) for 2 min, acetylated 10 min in 0.15% triethanolamine containing 2% acetic anhydride, dehydrated with 70%, 95%, and 100% ethanol (2 min each), delipidated 5 min in chloroform, and rehydrated finally through 100% to 95% ethanol. An oligonucleotide probe (48 bases, complementary to the LHRH coding region, nine intervening nucleotides between LHRH and GAP, first nine bases of the GAP coding region of pro-LHRH) was labeled at the 3' end with 3SS-dATP (New England Nuclear-DuPont, Boston, MA) using terminal transferase (GIBCO-Bethesda Research Labs, Grand Island, NY). The labeling reaction proceeded for 1.5 hr at 37°C. The probe was purified using NENsorb 20 Nucleic Acid Purification Cartridges (New England Nuclear-DuPont, Boston, MA). The purified probe was mixed with 1% yeast tRNA solution (GIBCG-Bethesda Research Labs, Grand Island, NY) and TED (10 mM Tris, 1 mM EDTA, 10 mM dithiothreitol) buffer, heated to +70°C for 3 min, and cooled on ice. The final concentration of the probe in the hybridization mixture (50% formamide, 10% dextran-sulfate. 0.3 M NaCl. 10 mM Tris. 1 mM EDTA. 1 x Denhardt's. and 10 mM dithiothreitol) was 2.5 pmol/ml, and the specific activity was 4100 Ci/mmol. Sections were covered with 45 ~1 of hybridizing mixture, coverslipped, and incubated overnight at 37°C. The slides were washed in 1 x SSC (0.15 M NaCl, 0.015 M sodium citrate, pH 7.0) 4 x 15 min at 55°C followed by 2 x 1 hr washes at room temperature. After dehydration through a graded series of ethanols containing 6% ammonium acetate, the slides were dipped in photographic emulsion (Kodak NTB-2, Int. Biotech, Inc., New Haven, CT) diluted 1:l with 0.6 M ammonium acetate, and exposed 3 weeks at 4°C. Slides were developed and stained lightly with 0.1% cresyl violet. The specificity of the hybridization signal was assessed by adding excess (250 pmol/ml) unla-0 SCN/AHA 1 mPOA OVLT 11 DBB 1 Figure   1 . Average numbers of LHRH cells120 pm tissue section at different rostrocaudal positions of the basal forebrain of the rat. The rostrocaudal delineations of these regions were used in the subsequent analysis of the data (suprachiasmatic nucleus/anterior hypothalamic area, SCN/AHA; medial preoptic area, mPOA; rostra1 preoptic area/ organum vasculosum of the lamina terminalis, OI'L,T, vertical limb of the diagonal band of Broca, DBB). The distribution profile was calculated from cell counts in proestrus animals killed at 1800 hr (n = 5 rats). Points represent average LHRH cells/section -t SE in every other section starting at -1.3 mm and ending at 0.7 mm from bregma (Paxinos and Watson, 1986) . beled probe to the hybridization mixture, and treatment of sections with RNase (10 &ml). Both of these treatments abolished the signal.
All brain sections from all animals were processed in a single hybridization assay to allow for direct comparison of (non-normalized) LHRH gene expression among time points.
Analysis of hybridization results. Sections were atlas matched and slides were selected from four levels of the basal forebrain. Respectively, these levels included (1) the vertical limb of the DBB [coordinates according to Paxinos and Watson's Atlas of the rat brain (1986): +0.7 to +0.2 mm from bregma], (2) rostra1 preoptic area/organum vasculosum of the lamina terminalis (rPOA/OVLT) (coordinates +0.2 to + 0.3 mm from bregma), (3) medial POA (mPOA coordinates -0.4 to -0.8 mm from bregma), and (4) suprachiasmatic/anterior hypothalamic area (SCN/AHA) (coordinates -0.8 to -1.3 mm from breama) (Fia. 1). These levels were chosen on the basis of anatomical and ph&iologic$ data (Jennes and Stumpf, 1986; Silverman et al., 1987; Hoffman et al., 1990; Hiatt et al., 1992) , suggesting heterogeneity of function among LHRH neuronal populations at different rostrocaudal coordinates. They are closely matched to levels described in the immunocytochemical studies of Hiatt et al. (1992) and Hoffman et al. (1990) . to facilitate subsequent comparison and interpretation of results. II Cells were identified using bright-field and dark-field microscopy to localize grain clusters over cell bodies stained with cresyl violet. Only cells that expressed at least three times background were included in calculations. The number of LHRH neurons was averaged for each animal among 6-12 (6 for mPOA, 12 for rPOA/OVLT, and 9-l 1 for SCN/AHA and DBB) sections/area and means were derived for each area at each time point. In a second analysis, the degree of LHRH gene expression per cell was estimated by obtaining average brightness/cell measurements from atlas-matched sections for each time point (10 cells/ section for mPOA and 35 cells for rPOA/OVLT).
Intensity of labeling was measured in dark field using a computerized image analysis system (IMAGE- 1, Universal Imaging Corporation, Media, PA), which calculates the brightness of specified areas obtained from dark-field images. The brightness scale was adjusted (l-256) by setting the gain and black level based on the relative background and intensity of the hybridization signal. These settings were consistent throughout the assay and enabled . .
us to analyze our data on a linear scale. Using this system, it has previously been demonstrated that area brightness is linearly related to the number of silver grains in that area (Komhauser et al., 1990) . The image analysis was carried out for only mPOA and rPOA/OVLT regions, since too few neurons were observed at some time points in the DBB and SCN/AHA for valid comparisons. The frequency distribution of area brightness values for cells in mPOA in groups M08, P12, and E08 was calculated for all cells expressing LHRH mRNA. Radioimmunoassuys. The LH and FSH contents of plasma samples were analyzed by RIA using materials supplied by NIDDK. For LH RIA, the NIDDK-anti-rLH-S-10 antiserum and the RP-3 standard was used in a single assay that exhibited a 9.0% intra-assay coefficient of variation and a minimum detectable limit of 0.3 @ml. In the FSH RIA the NIDDK-anti-rFSH-S-11 FSH antiserum and the RP-2 standard were utilized, with a 12% intra-assay coefficient of variation and 2 @ml lower detection limit.
Statistical analysis. Groups were compared using one-way analysis of variance (GLM procedure in SA.S, SAS Institute Inc., Cary, NC) followed by a post hoc Duncan's multiple range test. Differences between the groups were regarded as significant when p < 0.05.
Results
Distribution and characteristics of LHRH mRNA-expressing neurons The distribution and density of neurons expressing LHRH mRNA were found to correspond closely with findings from previous immunocytochemical (Hiatt et al., 1992) and in situ hybridization studies (Ronnekleiv et al., 1989; Malik et al., 1991) . Figure 1 shows the average number of LHRH mRNAexpressing cells per 20 1 tissue section (PRO 1800 hr group, n = 5 animals) at various rostrocaudal coordinates along the basal forebrain. The greatest numbers of labeled neurons are situated in the OVLT, followed in decreasing order by the mPOA, SCN/ AHA, and DBB. In more rostra1 regions the distribution of LHRH neurons exhibited the characteristic inverted "V" pattern. The mediobasal hypothalamus was found to contain only scant numbers of LHRH mRNA-expressing neurons. Estimates of the total number of cells in groups exhibiting lower numbers (e.g., PRO 2200 hr, E 0200 hr, E 0800 hr) were in close agreement with previous estimates (-1200 cells; Malik et al., 199 1) . The degree of labeling/cell fell within similar ranges for neurons at all rostrocaudal coordinates (90-235 relative brightness units), and the gross morphology of labeled cells was also typically fusiform in all areas examined (Fig. 2) .
Cellular labeling intensities during the estrous cycle The average LHRH labeling intensity/cell was calculated from brightness measurements of grain clusters over cells in the rPOA/ OVLT and mPOA regions at each of the eight time points. Background value was obtained for every section separately by measuring the brightness value of an area that equalled the area of the cell in the immediate vicinity of the cell. Figure 3 depicts average brightness data from the mPOA and rPOA/OVLT regions at each of the eight times of death. Statistical comparisons revealed no differences between time points or among rostrocaudal regions.
LHRH cell number during the estrous cycle
The number of neurons expressing LHRH mRNA was found to vary significantly across the time points in mPOA (Figs. 4, 5~) and rPOA/OVLT (Figs. 5b, 6 ), but not in DBB (Fig. 7~ ) and SCN/AHA (Fig. 7b) . Moreover, the temporal characteristics of these changes in LHRH cell number were found to differ between mPOA and rPOA/OVLT region (Fig. 5 ). Changes in cell number did not appear to be due to overall changes in LHRH gene expression in entire LHRH neuronal populations; rather, the additional cells appeared to be subpopulations in which LHRH gene expression occurred in a virtually all-ornone fashion, depending upon the time of death. Demonstrating this effect, Figure 8 compares the frequency at which different intensities of labeling were observed in LHRH cells in mPOA sections at 1200 hr proestrus versus 0800 hr estrus and 0800 metestrus. The frequency distribution of labeling intensities was similar for all groups, with the exception being significantly more cells observed in the medium brightness level bins (15 l-190 intensity) in the 1200 hr group. The numbers of cells exhibiting the lower (9 l-l 50) or higher (19 l-2 10) labeling intensities were not different between the groups.
mPOA. The number of LHRH neurons in mPOA sections fluctuated in a distinct cycle throughout the times examined, with highest numbers occurring at 1200 hr proestrus (Fig. 5~) . Figure 4 shows dark-field photographs of representative sections through the mPOA (-0.5 mm from bregma). Average LHRH cell number declined after 1200 hr proestrus in a stepwise fashion to a low point at 0800 hr es&us, and then rose again in a similar manner through 1800 hr estrus, 0800 hr metestrus, and 0800 hr proestrus. The peak cell number expressed at 1200 hr proestrus was 80% greater than the nadir cell number at 0800 hr estrus. The number of LHRH-labeled cells was significantly greater in the 1200 hr group versus estrus 0200 hr and estrus 0800 hr (p < 0.05; Fig. 5~ ).
rPOA/O VLT. The number of LHRH neurons in rPOA/OVLT sections also fluctuated throughout the cycle (Figs. 5b, 6 ), but these changes in cell number differed in at least two ways from those that occurred in the mPOA. The most obvious difference was that peak numbers of LHRH neurons were noted at 1800 hr in the rPOA/OVLT, whereas the greatest numbers of LHRH neurons in the mPOA were evident 6 hr earlier, at 1200 hr proestrus. A second difference was the relatively abrupt manner in which the number of LHRH cells in the rPOA/OVLT was reduced at 2200 hr: following the attainment of peak numbers at 1800 hr, cell number fell from maximum to minimum value during the cycle (reduction of 40%) within just a 4 hr period.
DBB and SCN/AHA. The number of neurons expressing LHRH mRNA in the DBB (Fig. 7~) and SCN/AHA regions (Fig. 7b) did not change significantly throughout the estrous cycle times examined.
Periovulutory hormone secretions
Average plasma LH and FSH levels as determined by RIA were typical for all of the estrous cycle time points that were examined (Fig. 9u,b) . The LH levels remained low (0.22-0.36 r&ml) at 0800 hr metestrus, 0800 hr proestrus, and 1200 hr proestrus, and reached values typical for the apex of the LH surge (11 .O rig/ml) at 1800 hr. The LH levels were more than halved by 2200 hr proestrus, and completely returned to baseline values A. Figure 3 . Area brightness of cells expressing LHRH mRNA in the medial preoptic area (mPOA) and at the level of the rostra1 preoptic area/organum vasculosum of the lamina terminalis (0 UX) during different stages of the estrous cycle. Groups of rats (n = 5-6) were killed at metestrus (MET) 0800 hr (O8), proestrus (PRO) 0800 hr (08), 1200 hr (12), 1800 hr (18), and 2200 hr (22), and estrus (E) 0200 hr (02) 0800 hr (08), and 1800 hr (18), and brain sections from mPOA region were hybridized with a 35S-labeled oliaonucleotide Drobe (see Materials and Methods for details of hybridiza;on analysis). Atlas-matched sections were subjected to computerized image analysis that expresses labeling intensity as area brightness values. Ten cells per section for each rat were analyzed, the mean for each rat was calculated, and the average value for each group was obtained. No significant differences in labeling intensities were found for either area between the time points. by 0200 hr estrus. Average FSH levels were 4.8 @ml at 0800 hr metestrus, and these declined to 2.1 &ml at 1200 hr proestrus, presumably under increasing negative feedback suppression by ovarian estrogen (Daane and Parlow, 197 1; Neguin et al., 1979) . As shown previously (Daane and Parlow, 1971; Savoy-Moore et al., 1980) , the ascent of the primary FSH surge was in evidence at 1800 hr proestrus (8.7 &ml) and peak levels were attained by 2200 hr proestrus (11.8 &ml). A typical secondary release of FSH, occurring in the absence of sustained LH secretion (Daane and Parlow, 197 1; Neguin et al., 1979; Savoy-Moore et al., 1980) , was also confirmed in samples at 0200 hr and 0800 hr estrus.
Relationships between regional LHRH cell number and hormone levels As depicted in Figures 4 and Sa, the peak number of LHRH neurons in the mPOA occurred at 1200 hr proestrus before the onset of LH and FSH surges. A stepwise decline in the number of mPOA LHRH mRNA-expressing neurons occurred during the next two sampling points, 1800 hr and 2200 hr proestrus; this decrease coincided with the timing of the LH surge.
The rPOA/OVLT was found to contain the greatest number of LHRH neurons later in the afternoon (1800 hr proestrus) compared to the mPOA region (Figs. 5b, 6 ), and this peak in LHRH cell number coincided with the apex of the LH surge, rather than preceding it. However, like the mPOA, the rPOA/ OVLT region also exhibited a decrease in LHRH cell number as the LH surge was completed. In none of the four brain regions examined were there any alterations in the number of LHRH cells that were temporally.associated with the secondary release of FSH. During the time at which a secondary release of LHRH has been reported (0200 hr) (Sarkar et al., 1976) , there were no obvious changes in either parameter of LHRH gene expression, except for the continued decline in LHRH cell number that started at 1200 hr proestrus and reached a nadir at 0800 hr estrus.
Discussion
It is well established that the proestrous surge of LHRH (Sarkar et al., 1976; Levine and Ramirez, 1982) provides a neural trigger for the release of the preovulatory gonadotropin surge that, in turn, induces ovulation (Schwartz, 1974) . The positive feedback actions of ovarian estrogen , together with a signal from the 24 hr neural clock , operate as primary cues for the release of the LHRH surge. Additionally, ovarian (Krey et al., 1973) and/or adrenal (Feder et al., 1971) progesterone released prior to the gonadotropin surge (Kalra and Kalra, 1974) or as the surge proceeds (Aiyer and Fink, 1974) serve to amplify the LHRH/LH surge (Krey et al., 1973; Aiyer and Fink, 1974; Ramirez et al., 1980; Turgeon and Waring, 1981; Ramirez, 1982, 1985) and block its continued occurrence on subsequent afternoons (Freeman et al., 1976) . While it is certain that LHRH neurons are acutely activated under these preovulatory hormonal conditions, the inter-and intracellular mechanisms by which gonadal and circadian cues are transduced and conveyed to the LHRH release apparatus remain unclear.
Previous work supports the contention that LHRH biosynthetic activity is changed in some manner before the onset of the LHRH surge. Immunoreactive LHRH is increased to a maximum at 1200 hr on proestrus in the mPOA and other hypothalamic and extrahypothalamic areas (Wise et al., 198 among average values in different groups are noted as a versus b, and as c versus d. In the mPOA region LHRH mRNA expression was highest at PRO 1200 hr, well before the start of LHRH/LH surge. In the rPOA/ OVLT region, the maximal number of LHRH neurons expressing mRNA was found at PRO 1800 hr, 6 hr later than in mPOA. The gene expression in mPOA declines gradually to a minimum value at the morning of estrous day. In the rPOA/OVLT, gene expression declines abruptly at PRO 2200 hr, reaching the minimum value of the cycle at this time point. et al., 1990) . Likewise, immunocytochemical studies have shown that subpopulations of LHRH neurons are detectable at 1 lOO-1300 hr proestrus, but not on other days of the cycle (Hiatt et al., 1992) . In these RIA and immunocytochemical studies, Groups and time points are as described in the legend to Figure 3 . There was no difference between the groups at either area at any time point in the course of estrous cycle. changes in LHRH immunoreactivity preceded the onset of the LH surge. Although the preovulatory LHRH surge is preceded by a period of little spontaneous (Sarkar et al., 1976; Levine and Ramirez, 1982) or inducible (Luderer et al., 1993 ) LHRH release, there are clearly alterations in biosynthetic activity during this same time period. Our findings are in direct agreement with these immunocytochemical studies, suggesting these changes take place only within subpopulations of LHRH cells, and that they essentially occur as episodes of synthetic activity that precede and coincide with LHRH and LH surges. The function of this presurge induction of LHRH gene expression may be to supply neurosecretory terminals with an enlarged releasable LHRH pool at the time of the LHRH surge. It is also possible, however, that LHRH production may be augmented to replenish stores of the decapeptide following the preovulatory LHRH and LH surges.
Comparison of the present findings with previous in situ hybridization results is hampered by the fact that in no other study were all features of LHRH gene expression examined, namely, LHRH cell number, LHRH gene expression/cell, regional changes in LHRH gene expression, and temporal patterns of periovulatory LHRH gene expression. Park et al. (1990) analyzed LHRH cell number among all LHRH neurons in the basal forebrain as a single group, and found that overall numbers increased to a maximum at 1800 hr proestrus. Our results are similar to these, inasmuch as the total number of neurons fluctuated in the same manner in the present study; since a disproportionate number of LHRH neurons are present in the rPOA/ OVLT region, the overall mean number of neurons for all areas in this study was also highest at 1800 hr. When examined within discrete regions, however, the number of LHRH neurons within expressing LHRH mRNA in the medial preoptic area (mPOA) measured in the following groups: metes&us at 0800 hr @). proestrus 1200 hr (Bl), and estrus 0800 hr ( ). All cells expressing LHRH mRNA in mPOA at M 0800 hr. PRO 1800 hr. or E 0800 hr were subiected to image analysis and the obtained area brightness values were divided to brightness groups. The frequency of cells in each group at the three time points is illustrated in the figure. The additional cells expressing LHRH mRNA at PRO 1200 hr appear in the medium brightness groups: no shifting of cells from low brightness groups to high brightness groups at this time point is found.
the mPOA clearly peaked at 1200 hr, a time that preceded the peak number in more rostra1 regions, and preceded the onset of the LH surge. While the study of Park et al. (1990) examined cell number and not LHRH expression/cell during the estrous cycle, the previous study of Zoeller and Young (1988) focused only on expression of LHRH/cell and not LHRH cell number. Moreover, the latter study evaluated changes at a single rostra1 region, the OVLT. Within the OVLT, a decrease in LHRH gene expression/cell was noted by Zoeller and Young (1988) between 1900 hr metestrus and 1300 hr proestrus, with a recovery to metes&us levels by 1900 hr proestrus. The reason for our failure to observe the same changes in LHRH gene expression/cell in the OVLT during the same time period is not immediately apparent, although it should be noted that a third study (Malik et al., 1991 ) also failed to detect a similar change during the same time period. It is possible that technical differences between the two studies may be responsible for this disparity. In the present study, for example, we included all tissues within a single assay, and therefore could compare absolute hybridization intensities among groups. In the report ofzoeller and Young (1988) by contrast, gene expression/cell was analyzed and compared among groups after normalization with respect to metestrus values within each assay. In two other studies of LHRH gene expression during the estrous cycle (Malik, 1991; Marks et al., 1993) analysis of both LHRH cell number and LHRH gene expression/cell was carried out at several rostrocaudal regions. These two analyses, however, were limited to only three (Malik, 1991) or four (Marks et al., 1993) Figure 9 . Serum hormone concentrations at different time points of the rat estrous cycle. Groups and time points are as described in the leaend to Fiaure 3. n. serum LH: b, serum FSH. Average nlasma LH anh FSH levels were typical for all of the estrous cycle time-points that were examined. The LH levels remained low at 0800 hr metestrus, 0800 hr proestrus, and 1200 hr proestrus, and reached values typical for the apex of the LH surge (11 .O @ml) at 1800 hr. The LH levels were more than halved by 2200 hr proestrus, and completely returned to baseline values by 0200 hr estrus. Average FSH levels were 4.8 @ml at 0800 hr metestrus and these declined to 2.1 r&ml at 1200 hr proestrus. The ascent of the primary FSH surge was in evidence at 1800 hr proestrus (8.7 rig/ml) and peak levels were attained by 2200 hr proestrus (11.8 @ml). A typical secondary release of FSH, occurring in the absence of sustained LH secretion, was also confirmed in samples at 0200 hr and 0800 hr estrus.
agreement with our experiments in three respects. First, they too did not observe any change in LHRH gene expression/cell from metes&us to the morning of estrus. Second, their analysis of LHRH cell number revealed that no significant increases occurred in the number of cells expressing LHRH mRNA among the proestrus 0700, 1000 hr estrus, and 1900 hr metestrus time points. Third, there exists a close similarity between the absolute and relative cell number values of Malik et al. (199 1) and our own values among these same time points. In both regions that exhibited presurge LHRH gene induction (mPOA, rPOA/OVLT), the nadir number of LHRH neurons was 60-75% of the maximum number of LHRH neurons. This suggests that the subpopulation of LHRH cells whose function is related to ovulatory cyclicity represents approximately 35% of LHRH neurons in the basal forebrain. This percentage is in remarkably close agreement with the percentage of LHRH cells (40%) that have been shown to express c-j& and thus are likely engaged in heightened activity during the preovulatory LH surge . Conversely, our data indicate that there also exists a large, core group of LHRH cells whose LHRH gene expression does not change in a manner related to LHRH and LH surges. Of the latter neurons, it is possible that some perform synaptic rather than neurosecretory functions (Jennes and Stumpf, 1986; Merchenthaler et al., 1989) . The remaining population of LHRH cells may be composed of neurons that possess LHRH pulse-generating activity but do not exhibit increased neurosecretory activity during the generation of LH surges.
Our data demonstrate for the first time that LHRH gene expression in a subpopulation of LHRH neurons is altered prior to the initiation of the LHRH surge. This suggests that the induction of LHRH gene expression in this subpopulation of mPOA neurons occurs in preparation for the enhanced neurosecretion of the decapeptide, rather than as a consequence of the surge release itself. Linkage of LHRH biosynthesis to neurosecretion has been suggested on the basis of the timing of mRNA increases relative to the LH surge in other studies (Zoeller et al., 1988; Park et al., 1990) . In these cases, overall cell number (Park et al., 1990) or gene expression (Zoeller et al., 1988) in the OVLT was found to be increased during (Park et al., 1990) or following (Zoeller et al., 1988 ) the generation of the LH surge. Although overall LHRH cell number in the present study was also found to peak at 1800 hr, separate analysis of the mPOA alone revealed that cell number peaks in this neural region at a distinctly earlier time point (1200 hr). It would therefore appear to be unlikely that LHRH hypersecretion could provide the stimulus for induction of LHRH gene expression in the mPOA subpopulation of cells, since LHRH surges do not occur until several hours later in the afternoon (Sarkar et al., 1976) .
That induction of LHRH gene expression does not depend upon LHRH secretion is also supported by the observation that no secondary increases in LHRH cell number or apparent changes in mRNA levels/cell occurred at 0200 hr estrus. This time point was chosen for examination on the basis of previous findings that LHRH secretion undergoes a secondary periovulatory increase which peaks at this time (Sarkar et al., 1976) . This secondary release of LHRH has, in turn, been suggested to play a role in the secondary release of FSH during late proestrus and early estrus. Others have argued that alterations in gonadal peptide and/or steroid feedback (Ackland et al., 1990; Knox and Schwartz, 1992) and/or the release of a hypothalamic FSH-RF (Mizunoma et al., 1983 ) may figure more importantly in this regard. Regardless of the potential importance of LHRH secretion during estrus in the secondary surge of FSH, our data at least suggest that any secondary peak of LHRH neurosecretion at 0200 hr is not associated with any alteration in cellular or population changes in LHRH gene expression, other than the continued decline in LHRH cell numbers from peak values in proestrus. By extension, then, alterations in LHRH gene ex-pression do not appear to be directly related to the continued surge release of FSH throughout the morning of estrus.
It is likely that circulating gonadal steroids provide important endocrine cues for the induction and reduction of LHRH gene expression in these subpopulations of neurons. It has long been known that estrogen treatments can evoke daily LH surges and that progesterone can amplify the afternoon surge (Krey et al., 1973; Ramirez et al., 1980) and inhibit the occurrence of the surge on subsequent days (Freeman et al., 1976) . In normal cycling female rats, estrogen secretion by ripening follicles provides the positive feedback signal for stimulation of the preovulatory LHRH and LH surges (Kalra and Kalra 1983; Levine et al., 1991) , and the proestrous progesterone surge both amplifies the estrogen-induced preovulatory LH surge (Caligaris et al., 197 1; Krey et al., 1973; Ramirez et al., 1980) and limits its occurrence to the afternoon of proestrus (Freeman et al., 1976) . Estrogen treatment of ovariectomized rats has been shown to increase hypothalamic LHRH (Kobayashi et al., 1978) and pro-LHRH tissue content (Kelly et al., 1989; Roberts et al., 1989) , and in most studies (Kim et al., 1989; Roberts et al., 1989; Rothfeld et al., 1989; Park et al., 1990; Rosie et al., 1990 ) stimulatory effects of estrogen on LHRH mRNA levels have been documented. Notably, Park et al. (1990) found an increase in the number of neurons expressing LHRH mRNA following estrogen treatment. It is therefore possible that LHRH gene expression in subpopulations of LHRH neurons is dependent upon exposure of these cells to preovulatory surge levels of circulating estrogen.
Proestrous progesterone secretion (Neguin et al., 1979) appears to be temporally associated with the decline in LHRH mRNA-producing cell number in the mPOA and rPOA/OVLT. It is well known that progesterone treatment of estrogen-primed animals can exert both positive and negative effects on LHRH release, inasmuch as it can augment and advance LHRH hypersecretion on proestrus (Ramirez et al., 1980; Ramirez, 1982, 1985) while also blocking the occurrence ofLHRH/ LH surges on the following day (Freeman et al., 1976) . The relationship between these effects on LHRH release and potential effects on LHRH gene expression, however, have not been entirely clear. In the study of Park et al. (1990) , which demonstrated increased LHRH cell number following estrogen treatment, additional treatment with progesterone was found to reverse this effect. Inhibitory effects of progesterone on LHRH gene expression have also been noted in other studies (Toranzo et al., 1989) . In one study where stimulatory effects were found (Kim et al., 1989) , these were noted at a morning time point in immature animals; it is therefore difficult to compare these stimulatory effects with those that may occur in the late afternoon in adult female rats. We suggest that the progesterone surge on the afternoon of proestrus may take at least two different cellular routes to accomplish its two important tasks on proestrus. Progesterone clearly achieves the first of these tasks, namely, amplification of the preovulatory LHRH and LH surges, through its capacity to directly or indirectly stimulate LHRH release (Levine and Ramirez, 1980; Ramirez et al., 1980) . Early stimulatory effects of progesterone on LHRH gene expression may also figure importantly in this process (Kim et al., 1989) . Progesterone's second function, however, is to limit the expression of the LHRH/LH surge to the afternoon of proestrus, and the cellular and molecular basis ofthis action is not well understood. We suggest that the second action of progesterone may be mediated by its effects on LHRH gene expression in subpopulations of LHRH cells. We hypothesize that progesterone may act to deactivate LHRH gene expression in the same subpopulations of cells in which LHRH gene expression was induced by estrogen, and thereby preclude their involvement in the generation of LHRH surges on the next day or, for that matter, until the next induction of gene expression by preovulatory estrogen secretion. Thus, the two steroids may conceivably act upon a molecular switch in opposing fashions, with preovulatory estrogen levels essentially switching "on" LHRH gene expression in these subpopulations of cells, and the progesterone surge returning this switch to the "off position.
We conclude that subpopulations of neurons in the mPOA and rPOA/OVLT exist in which the cyclical expression of LHRH mRNA is temporally associated with the cyclical generation of preovulatory LHRH/LH surges. That this expression is not a consequence of LHRH neurosecretion at this time is indicated by its occurrence in the mPOA prior to the initiation of the preovulatory LH surge. The mechanism(s) by which ovarian steroids may instead be responsible for inducing and/or reducing LHRH gene expression at this time remains to be characterized.
